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This work presents a comprehensive degradation study of two types of large lithium-ion pouch cells; 26
NMC532/Graphite (64 Ah) and 9 NMC433/Graphite (31 Ah) pouch cells. The cells were degraded under dif-
ferent cycling conditions and periodically characterized at room temperature. Specifically, the effect of differ-

lc)egrada“f’rll h cell ent ambient temperatures and constraining the cells by clamping was studied. Incremental capacity analysis is
Nll)v["(l:mema pouch c& an in situ, non-invasive characterization technique that allows the identification of battery degradation modes,

and is a technique that does not require additional and advanced equipment. Therefore, in this study we also
look into applying the analysis technique on an existing data set. This is done by combining incremental capac-
ity analysis on a qualitative level with the tracking of features of interest in the incremental capacity curve as a
function of State of Health and utilizing the simulation of different degradation modes for a more in-depth anal-
ysis. We combine simulation and experimental incremental capacity analysis with conclusions from capacity
loss and resistance changes with a focus on understanding the benefit and limitations of the incremental capac-
ity analysis for large cells. This is important, as incremental capacity analysis is a relatively fast analysis to qual-
ify large commercial batteries for 2nd life applications. Specifically in this study, we found that degradation
and capacity loss do not always correlate. For the 64 Ah Cells cycled at 15 °C and 25 °C, the rate of capacity
loss appeared to be similar, although the degradation modes and mechanisms are found to be very different.
The clamping was the most important factor for impeding degradation. The 31 Ah Cell cycled at low temper-
atures showed a very poor cycling performance, where the incremental capacity analysis revealed that Loss of
Lithium Inventory from fast and irreversible plating was responsible.

1. Introduction of LIBs is therefore an important parameter to consider due to the lim-

itations of resources and the global warming impact [2].

In the transition from flexible fossil fuel-based energy to intermit-
tent renewable energy sources, reliable energy storage technologies
become indispensable for the future energy economy [1]. Lithium-
ion batteries (LIB) represent one of few large scale energy storage tech-
nologies, with possibility for distributed and centralised storage sys-
tems, as well as both mobile and stationary applications. An
inevitable and everlasting challenge to overcome, is improving and
understanding the life time prospect of LIBs. Increasing the lifetime

The deterioration of performance over time is observed both as a
reduction in the available energy and in the available power. This
results from capacity loss and a resistance increase due to degradation,
which may be caused by different mechanisms. However, all degrada-
tion does not necessarily lead to a loss of capacity and resistance
increase. Degradation is frequently studied for different cell chemis-
tries. Battery degradation is known to be a result of several simultane-
ously occurring physico-chemical processes, leading to Loss of Li
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Inventory (LLI), Loss of Active Materials (LAM), and impedance
increase due to reaction kinetics degradation [3]. These degradation
modes (DMs) refer to the impact of the degradation on the voltage
response, rather than the actual mechanisms of degradation. LLI is
mainly caused by the growth and decomposition of the solid elec-
trolyte interface (SEI) layer, electrolyte decomposition, Li plating
and dendrite formation. LAM can occur only on either or both elec-
trodes at the same time. It can arise from the dissolution of material,
structural degradation, particle isolation, corrosion of the current col-
lector, loss of electric contact and electrode delamination. Increased
resistance is a result of the formation of passivating films at the active
particle surfaces, pore-clogging, as well as electrolyte conductivity
losses and loss of electric contact [4]. The increase in internal resis-
tance causes an earlier termination of the charging or discharging pro-
cess, effectively limiting the available capacity, especially at higher
current rates. Degradation is influenced by time, (ambient) tempera-
ture, current load, voltage, accumulated ampere-hour throughput,
and mechanical stress [4-8]. Several techniques are commonly applied
and reported within the literature to identify and quantify the effects
of degradation and the different degradation modes (e.g., LLI, LAM,
resistance increase). These are often classified into in situ and ex-situ
electrochemical techniques. Incremental Capacity Analysis (ICA) and
Differential Voltage Analysis (DVA) are in situ electrochemical meth-
ods that are non-invasive characterisation techniques [9]. Both ICA
and DVA are methods used to identify and quantify changes in the
electrochemical properties of the cell, based on voltage measurements
under constant current charge or discharge. While DVA is defined as
the rate of change in voltage with a change in capacity (dV/dQ),
ICA is defined as the rate of change in charge with a change in voltage
(dQ/dV). From a literate explanation this can initially appear some-
what complex. [10].

Graphically the relation between a classic voltage-capacity plot and
a (dQ/dV)-voltage plot is examplified in Fig. 1 by presenting the two
plots next to each other. The plateaus in the voltage become peaks
in the Incremental Capacity (IC) curves (shaded blue), whereas steep
increases in the voltage between two plateaus are seen as local minima
(shaded green). For half cells, the incremental capacity (IC) peaks cor-
respond to phase transitions in the active electrode material due to
intercalation and deintercalation of lithium [11]. The IC curve of a full
cell is the convolution of the IC curves of both half cells and the attri-
bution of the peaks are more complex [12].

IC curves have frequently been used to analyse SOH of LIB. This
goes from using the intensity of peaks to estimate the SOH [13-18]
to more thorough analysis of the IC signatures to help with the differ-
entiation of different degradation mechanisms [3,19,20] or using it as
a tool to predict battery cycle life [21]. This is often done by combin-
ing ICA with other experimental measurement techniques like electro-
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chemical impedance spectroscopy [20], alternating current impedance
[15], differential pressure analysis [22], or utilizing the rate depen-
dency of the ICA [23]. Another approach is coupling the experimental
results with modelling [13,10], machine learning tools [21,24] and
more advanced analysis methods, like grey relational analysis in com-
bination with the entropy weight method [25], or gaussian process
regression [14]. In addition, ICA and DVA methods have been devel-
oped for onboard battery SOC and SOH estimation [26-28].

In order to obtain high-quality ICA curves, the measured potential
should be close to the open circuit voltage (OCV). Currents in the
range of C/10 or lower are recommended, ensuring that the total over-
potential is close to zero and thus negligible. To minimize excessive
measurement time while at the same time maintaining sufficient qual-
ity, work has been done to correct for the effect of overpotentials at
higher currents (C/6) [29]. This was done by calculations of the resis-
tance from the voltage change during short interruptions in the
current.

ICA can be used on both full-cell and half-cell data. ICA on half cell
level allows the attribution of specific features to either the positive or
negative electrode, although the convolution of the two half-cells is
not straight forward [12]. Each electro-active material will go through
its own unique set of structural changes through intercalation/deinter-
calation and therefore has a unique voltage signature.

In this paper, we present an experimental degradation study of two
different commercial LIB pouch cells; a 64 Ah NMC532/Graphite cell
and a 31 Ah NMC433/Graphite cell - focusing on the effect of different
temperatures and mechanical clamping. We utilize ICA to study the
effects of these external impact factors on the degradation pathways,
using a 5-step procedure presented in Section 2. Section 3 then pre-
sents the set-up and extent of the experimental degradation study,
and Section 4 presents the results and discussion following the 5-step
analysis procedure. The novelty of this work is tracking the features-of-
interest (FOI) for a large experimental data set across a wide range of
ambient temperatures during cycling and combining this with tracking
the FOI of IC curves simulated for different degradation modes based
on half cell data.

2. Methodology: Incremental Capacity Analysis (ICA)

In this study, ICA was utilized to study the effects of external
impact factors on the degradation pathways. This section will first pre-
sent the IC signature of the commercial 64 Ah NMC532/Graphite cell
and how it is convoluted from the separate electrode IC signatures to
aid a better understanding of the further analysis (Section 2.1). The
main part of this section introduces the 5-step procedure used for anal-
ysis in more detail. It is schematically presented in Fig. 2.
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Fig. 1. Charge potential vs capacity (left), normalized dQ/dV vs. potential (right).
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Fig. 2. 5-step procedure used for degradation analysis in this study.

(I) Determining capacity loss and changes in resistance.

(II) ICA: Qualitative description and initial evaluation e.g. identify-
ing FOI, allocation of peaks using half cell data (Section 2.2).

(II) ICA: Tracking FOI and comparing the effect of different opera-
tion conditions on the development of those features
(Section 2.3).

(IV) ICA: Simulation of different degradation modes using the alawa
toolbox to obtain degradation maps for the cell under investiga-
tion (Section 2.4).

(i) Qualitative comparison.
(ii) Using the same method of tracking FOI as for the experi-
mental data.

(V) Comparing experimental and simulation results for further anal-
ysis.It has to be noted that when describing the IC curves on a
qualitative level (steps II and IVi), we acknowledge that the cor-
rect voltage of the peak for ICA is the onset of the peak as this is
the potential at which the reaction starts. However, for feasibil-
ity and reproducibility, we use the potential that corresponds to
the peak maximum and not the front of the peak when tracking
FOI (steps I, IVii). This appears to be a fair compromise for our
data set as the observations from both methods are in agree-
ment (compare Fig. 6).

As the original voltage versus capacity curves contain measurement
noise, it is necessary to apply a filtering algorithm to obtain the IC
data. Since the number of data points per capacity step might be
uneven, the measured voltages are averaged in capacity steps of
0.05% of the full capacity span. After averaging the dataset, a local sec-
ond order polynomial regression was fitted to the voltage as a function
of capacity with a moving capacity window. The size of the moving
capacity window is limited by either a voltage window (20 mV) or
capacity window (5%) whichever being the limiting variable.

2.1. IC signature - a general description

Fig. 3 presents the IC curves of the NMC532 positive electrode (A)
and graphite negative electrode (B) and the full cell (C) of the 64 Ah
NMC532/Graphite cell used in the degradation study. The negative
electrode and positive electrode potentials are measured versus Li
metal. The main reactions are numbered from high to low for the
NMC positive electrode and from low to high voltage for the graphite
negative electrode, in accordance with Dubarry et al.[12]. The num-
bering is reversed for the negative electrode as it is going through
the opposite process (lithiation/delithiation) to that of the positive
electrode. Starting with the positive electrode (Fig. 3A), the response
is mainly made of a broad shoulder at high voltage (1) and a well-
defined, broader peak at low voltage (2). The graphite negative elec-
trode (Fig. 3B) is made of three well-marked peaks (1, 2, 5) and two
small peaks (3,4) with peak (4) being barely visible. Fig. 3 C presents
the complex response of the full cell including the graphite negative
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Fig. 3. C/20 electrochemical behaviour for the NMC532 positive electrode

(A) and graphite negative electrode (B) and the full 64 Ah NMC532/Graphite
cell (C).

electrode and NMC positive electrode from Fig. 3 A and B. The elec-
trode peaks are convoluted to peaks in the full cell, marked in Fig. 3
C. A thorough explanation using a clepsydra analogy is done by
Dubarry et al. [12]. In summary, they suggest imagining the IC curve
of each half-cell as being the shape of each bulb of a clepsydra (hour-
glass). Considering the charge, at beginning of the charge the positive
electrode is nearly full and the negative electrode empty. The negative
electrode is then filled, starting with the highest voltage peak (5) and
moving to lower voltages. The positive electrode is simultaneously
emptied, moving from low (2) to high potentials. The potential of
the full curve corresponds to the potential difference of the reactions
in each electrode.

2.2. IC signature and degradation analysis (Step II.)

When analysing IC curves, the balancing of the electrodes becomes
important — and with this the loading ratio (LR). LR is commonly
defined as the ratio of the capacity of the negative electrode to the
capacity of the positive electrode. Cells are usually designed in a
way that the LR is larger than one, i.e., with a larger negative electrode
capacity [12]. For most commercial electrodes the electrochemical
behaviour of the electrodes does not change significantly but rather
the degradation affects the electrode balance.

Ohmic resistance increase (ORI) alters the potential of both elec-
trodes with the amount of ORI, without changing the LR or the SOC
offset. It manifests as a shift of the IC signature towards higher voltages
during charge and a shift towards lower voltages during discharge,
without changing the height of the peaks. The potential shift due to



L. Spitthoff et al.

ORI is in the range of the cell resistance times the current used for the
IC curve (e.g. C/20 or C/10 in our studies).

The impedance of the cell can also increase due to a Faradaic rate
degradation, causing the kinetics of one of the half-cell reactions to
change. This leads to an IC peak broadening as the voltage plateau
shortens. The voltage plateau shortening is caused by a slowing down
of the kinetics (e.g the disparity in the extent of reaction throughout
the electrode increases with degradation) resulting in a more gradual
change in voltage, and an increase in charge transfer resistance.

LLI occurs when Li ions are consumed by parasitic reactions. This
results in a reduction of cyclable Li ions in the system. The lack of
cyclable Li ions becomes noticeable in the IC curve at the end of charge
and discharge as the amount of Li ions remaining is insufficient to fully
fill up the negative electrode and positive electrode respectively. Usu-
ally, the main cause of LLI is the growth of SEI on the negative elec-
trode but it can also occur when growing a passivation layer on the
positive electrode or due to irreversible Li plating.

LAM affects the LR. If LAM occurs at the positive electrode (LAM-
dePE), the LR increases, while it decreases in the case of LAM at the
negative electrode (LAMdeNE). LAM also changes the current density
at the affected electrode as both the active surface area and the mate-
rial that can accept charge are reduced. With LAMdeNE, the risk for Li
plating increases, especially if the LR decreases below 1 because the
negative electrode will be fully lithiated before the positive electrode
completely releases all Li ions. [3].

2.3. Feature analysis (Step III.)

Regarding the analysis of IC and differential voltage (DV) curves,
Dubarry et al. [16,30] suggested the use of FOIs. Suggested FOIs are
back tail, peak slope, peak/arch intensity and voltage, intensity differ-
ence between peaks, the voltage difference between peaks, peak/arch
half-width, and front tail. By simulating all possible degradation paths
using the ’Alawa toolbox developed by Dubarry et al. [3], a look-up
table can be compiled which can be used for onboard diagnosis using
the FOIs. Dubarry et al. [3] employ the developed method using data
from earlier small-scale degradation studies on commercial pouch
LTO/NMC cells operated at 25 °C and with C/3 charge and discharge
current, and cylindrical commercial 2.3 Ah graphite/LFP cells oper-
ated at 23 °C and a variation of operation conditions. They report to
be able to diagnose about 90 % of the degraded cells successfully.

Dubarry et al. [31] showed using a synthetic data set, that FOI
based diagnosis can offer accuracies below 1 % up to 400 cycle for
LLI, LAM and SOH estimations when several FOIs are considered
together.

Stroe et al. [18] investigated changes in certain FOIs due to degra-
dation from calendar-ageing 63 Ah LMO/NMC vs. graphite cells. They
compare the FOIs on cell and module levels, to evaluate the suitability
of the different features as a SOH estimator for EV applications. The
most suitable FOIs for SOH estimation are identified, but a direct rela-
tionship between those features and the SOH is not established. Zheng
et al. [10] used three different FOIs to estimate both SOC and SOH.
They reported a maximum absolute error of 1.0 % and a relative error
of 2.0 % for battery SOC and SOH estimation, respectively. This study
is based on three 60 Ah LFP/graphite cells that have been charged and
discharged with 0.5 C at room temperature.

For NMC532/graphite cells and NMC111/graphite cells Dubarry
et al.[12] suggest to use the intensity of the shoulder at high voltage,
the intensity and position of the minimum around 3.8 V and the inten-
sity and position of the maximum intensity for peaks around 3.45 V
and 3.7 V.

2.4. Simulation (Step IV.)

To support the discussion around the underlying degradation
mechanisms we use the ’Alawa toolbox by Dubarry et al. [3]. This is
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a widely used tool based on a mechanistic model composed of two lay-
ers: a top layer with cell configuration and inputs from cell operating
and degradation modes and a sub-layer with half-cell modules that
describe the electrode behaviour. The simulation in this work was per-
formed using half-cell data from the 64 Ah NMC532/graphite cell.

3. Experimental

In this paper degradation data from two cycle-life studies was
examined and studied to further understand the degradation mecha-
nisms involved. The two studies involved cyclic degradation of large
LIB pouch cells at different operation conditions. The largest LIB was
a NMC532/graphite cell with a nominal capacity of 64 Ah. The second
cell was the XALT 31 HE NMC433/graphite cell with a nominal capac-
ity of 31 Ah. For simplification, we will refer to the NMC532/graphite
cell with a nominal capacity of 64 Ah as the 64 Ah Cell and the Xalt 31
HE cell as the 31 Ah Cell in the remainder of this paper. The 64 Ah Cell
was operated between the lower voltage limit of 3 V and an upper limit
of 4.2 V, while the 31 Ah Cell was operated between 2.7 V and 4.2 V,
according to the manufacturers’ specifications.

3.1. Degradation study

All cells were characterized at an ambient temperature of 25+1 °C.
The characterization included a 1 C cycle, a low C-rate cycle (C/20 for
64 Ah Cell, C/10 for 31 Ah Cell) and a high power pulse characteriza-
tion test (HPPC) to obtain the ohmic resistance in the cell. The charac-
terisation routine was performed periodically with intervals of
100-200 cycles or for every 5 %-point loss in SOH.

The cycle-life study was set up as an accelerated study to obtain
battery-life data within a reasonable time. Charge and discharge cur-
rents were selected based on the maximum rates advised by the bat-
tery cell manufacturer.

Since the battery temperature is a well-known factor that affects
battery life [32], the cells were cycled at ambient temperatures in
the range of 5 to 45 °C. All cells were cycled in the full SOC window.
The charge was performed as constant current constant voltage while
the discharge was only constant current. In addition, the 64 Ah Cell
was cycled both with and without being mechanically clamped. This
was obtained by fixing the pouch cells between two 1 cm thick alu-
minium plates and secured with bolts (Fig. 4). Each bolt was fixed with
1 Nm torque.

The full cycle life test matrix is presented in Table 1.

Table 2 shows the number of cells cycled with identical conditions,
in order to study the effect of the ambient temperature. All 64 Ah Cells
are cycled clamped and with a C-rate of 0.75 (total 14 cells). All 31 Ah
Cells are cycled with a C rate of 1 and without clamping (in total 9
cells). When investigating the effect of clamping we analyse the beha-
viour of 19 cells that have been cycled with applied MP (0.4 C, 0.75 C
and 1.5 C) and 7 cells that have been cycled without clamping. All cells
are cycled in the full state of the charge window.

Fig. 4. The clamping set-up used in this study.
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Table 1
Test conditions during cycle life studies and characterization tests.

General info

64 Ah Cell 31 Ah Cell
Capacity [Ah] 64 31
positive electrode NMC532 NMC433
Cycle life study
Amount of Cells 25 8
Temperature [°C] 5, 15, 25, 35, 45 5, 25, 45
C rate 0.4, 0.75, 1.5 1
SOC window [%] 0-100 0-100
MP [NM] 0/ 1 on bolt
(Fig. 4) 0
Characterization
Temperature [°C] 25 25
HPPC 0.75 C 1C
High C rate 0.75 C 1C
Low C rate C/20 C/10
Table 2

Amount of cells cycled under the same condition - studying the effect of ambient
temperature. All 64 Ah Cells are cycled clamped and with a C rate of 0.75. All 31
Ah Cells are cycled with a C rate of 1 and no clamping.

Temperature [°C] 64 Ah Cell 31 Ah Cell
5 3 2
15 1 -
25 6 4
35 2 -
45 2 3

3.2. Incremental Degradation Measurements

Full cell. Characterization tests were conducted at an ambient tem-
perature of 25°C inside a ventilated temperature chamber. The charac-
terization included a slow discharge and charge cycle for ICA. For the
64 Ah Cell a current of C/20 was used and for the 31 Ah Cell a current
of C/10.

Half cell. One 64 Ah Cell was disassembled at beginning of life
(BOL). Both negative electrode and positive electrode were washed
in DMC (dimethyl carbonate). One side of the electrode coating was
removed and discs with an area of 1.767 cm? were cut out, which were
assembled in coin cells with Li metal as the counter electrode. The fol-
lowing cycling protocol was used: C/20 (2 cycles), C/10 (3 cycle), C/5
(3 cycle), C/2 (1 cycle), 1 C (3 cycle), 2 C (3 cycle), C/20 (3 cycle).

3.3. Features of Interest (FOI)

We track three features as functions of SOH. These features are
marked as an example for the IC signature at BOL in Fig. 1 and
Fig. 3. Specifically, it is the intensity and voltage of the peaks around
3.49V, 3.64 V and the minimum at 3.77 V (potentials at BOL). Those
features are in agreement with what has been suggested in literature
for this chemistry (Section 2.3). In contrary to what is suggested in lit-
erature, the intensity of the shoulder at high voltage is not tracked as it
is difficult to distinguish and track reliably for the degraded cells in
this study. They will be referred to as Feature 1 (F1, peak at 3.49 V),
Feature 2 (F2, peak at 3.64 V) and Feature 3 (F3, minimum at
3.77 V), marked in blue and green.

The FOIs were tracked by extracting the value and location of the
local maxima of the normalized differential change in charge with
change in potential (dQy/dV) versus potential in the region of interest
(grey in Fig. 1). The dQ/dV was normalized to the initial capacity of
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the cell to allow comparison of the different cell types. The shift in
voltage was calculated from the actual potential of the maxima minus
the potential of the respective maxima at BOL. Together with the
height of the peaks, these features were examined both separately
and in comparison, in order to analyse the effect of different cycling
conditions.

3.4. Simulation

The half-cell data was experimentally obtained by extracting the
electrodes from the 64 Ah Cell at BOL and cycling them with Li metal
as the counter electrode as described in Section 3.2. The half-cell data
was used to simulate the potential and IC curve at C/20 which allowed
to simulate the effect of the degradation modes. Both the loading ratio
(LR) and SEI offset were estimated by comparing the simulated IC
curve of the full cell at BOL, based on the half-cell data, to the exper-
imentally obtained IC curves of the 64 Ah cell at BOL. This resulted in
an LR of 1.1 and an SEI offset of 2 % which is well within what is
reported for LIBs using layered transition oxide positive electrodes
and graphite negative electrodes[12]. The changes in the IC curve with
degradation were then simulated by isolating single DMs. The analysis
focused on ORI, LAM and LLI. For LAM it is differentiated if there is a
loss in the negative electrode (NE) or positive electrode (PE). We
assume a degradation of 0.01 % per cycle and a resistance increase
of 1 % per cycle, simulating 2000 cycles. All other parameters are
determined by comparing experimental and simulation results at
BOL and are kept constant for all simulations. We extract F1, F2 and
F3 in the same way as for the experimental data (as explained in
Section 3.3).

4. Results and Discussion

In the following, we present the results from the degradation study
using the 5-step analysis process presented earlier. We explain the pro-
cess in detail for the 64 Ah Cell when examining the effect of ambient
temperature. To demonstrate the applicability to other cell types, we
use the same process when analysing the effect of clamping on the
same cell and the effect of temperature on the 31 Ah Cell.

4.1. 64 Ah cell: Effect of Temperature

The cells analysed in this section are the 64 Ah Cell, which were
cycled in the full SOC window. The charge and discharge current used
for cycling was 0.75 C. All cells were mechanically clamped. All cell
behaviour (64 Ah Cell) presented and discussed in the course of this
paper are presented but only the cells focused on in this section are
coloured while the remaining cells are depicted in grey in the figures
(e.g. Figs. 5,7 11, 12). The intention is to help the reader obtain a full
picture of the different operating conditions, to enable comparisons.
The cells marked in grey will be addressed in Section 4.2.

4.1.1. Step I. Capacity Loss and Resistance

Fig. 5 shows the SOH (C/20 capacity normalized by the initial C/20
capacity) versus full equivalent cycles (FEC) (Fig. 5 and the resistance
as a function of SOH (Fig. 5b) for the 64 Ah Cell. The best capacity
retention is observed when the temperature of the temperature cham-
ber was around room temperature (15°C (light blue) and 25°C
(green)). The capacity loss is accelerated both when increasing and
decreasing the temperature, which is well in agreement with what
has been reported numerous times in literature [33,32]. The accelera-
tion effect appears to be larger for higher temperatures than for colder
temperatures. Cells with the best capacity retention show the largest
increase in resistance at the same SOH. Cells cycled at an ambient tem-
perature of 15°C and higher, show an initial decrease in the internal
resistance, but the resistances start increasing again as the capacity
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Fig. 5. SOH versus FEC and DC resistance for the 64 Ah Cell for different
ambient temperatures, 0.75 C charging and discharging rate, MC applied. Data
in grey are analysed and presented later.

is further reduced. The cells cycled at 5°C (dark blue) never show a
decrease in resistance but only an initial constant resistance (until
approx. 97 % SOH) before increasing. The dark green data points rep-
resent an outlier of the cells cycled at ambient temperatures of 25°C.
For this specific cell, the clamping had to be replaced after around
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300 FEC. The cell showed a significantly faster loss in SOH and a
slower resistance increase, comparable to the cells cycled at an ambi-
ent temperature of 35°C.

4.1.2. Step II. Qualitative ICA

We compare the Incremental Capacity (IC) curves at distinct SOH
(95+1 %, 90+1 %, 85+1 %) and compare changes in intensity and
potential of the defined FOI to those of the BOL curve. Fig. 6 presents
the IC curve during charge for the cells cycled at different ambient
temperatures, plotted in the voltage window 3.4 V to 3.95 V. The full
IC curves of the full voltage window during both charge and discharge
are included in the Supplementary Material. The line in black represents
the IC signature at BOL, the colours represent the cycled cells at the
specified SOH - from left to right: 95+1 % SOH, 90+1 % SOH,
85+1 % SOH. Fig. 6 illustrates that both the voltage of the peak onset
and the peak voltage correlate. As already mentioned earlier for feasi-
bility and reproducibility, we use the potential that corresponds to the
peak maximum and not the front of the peak when tracking FOI
although the onset of the peak as this is the potential at which the reac-
tion starts. The changes in the FOIs are summarized using arrows in
the tables below the plots. The colour coding in the background of
the arrows is intended to guide the reader’s view to the most interest-
ing changes. It uses a traffic light system: red is negative, green posi-
tive and orange is constant. The colour in the background of the
temperatures refers to the change in resistance in comparison to the
resistance at BOL.

At 95 % SOH (Fig. 6, left), the shift of the minimum at high voltage
(F3) to higher voltages and a small decrease in intensity for tempera-
tures of 25°C and higher is most noticeable. The changes in F1 and F2
are less extreme, but we observe a decrease in intensity for both peaks
and all conditions. Both peaks shift to higher potentials for ambient
temperatures of 15°C and lower, are steady for cells cycled at 25°C
and shift to lower potentials for cells cycled at 35°C and higher.

LLI causes a decrease in peak height and a shift towards higher volt-
ages, which for the cells cycled at 35°C and higher, appears to be over-
lapped resulting in an shift to lower voltages. Calculating the IR drop
resulting from the measured resistance decrease makes it apparent that
the resistance decrease is not responsible as the voltage drop was by a
magnitude smaller than the observed shift. This will be explained in
greater detail when comparing the experimental and simulation results
in Section 2.4.

At 90 % SOH the minima at high potential (F3), and also the small
peak around 3.6 V, becomes less distinct for the cells cycled at 15°C
and lower. In addition, for the cells cycled at 25°C and lower,F2
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Fig. 6. IC curves at 95+1 % SOH, 90+1 % SOH and 85+1 %SOH for the 64 Ah Cell, cycled at different ambient temperatures, 0.75 C charging and discharging
rate, MP applied. The table summarizes the FOI evolution with degradation. The font size is representative of the intensity of changes.
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appears to reverse its shift and increase back to similar potentials as at
BOL. F1 shows a distinct clear shift to higher potentials for low ambi-
ent temperatures. This indicates that LLI appears to be still the main
degradation mechanism accompanied by an OR decrease at lower tem-
peratures. The shift of F1 to lower potentials compared to BOL for high
ambient temperatures is discussed in more detail in Section 4.1.5. At
around 90 % SOH, the OR does not show a decrease compared to
BOL anymore (Fig. 5b), supporting the observation that the shift was
not primarily caused by OR decrease at 95 % SOH either. The disap-
pearance of F3 and the small peak at lower potentials appear to be
an indication of inhomogeneities as it compares to the simulated
changes in IC curves due to inhomogeneities presented by Dubarry
et all. [12].

At 85 % SOH, the same trends as observed for 90 % SOH become
more evident. LLI still appeared to be the main degradation mecha-
nism, especially for higher temperatures and inhomogeneity appeared
to be more significant for low ambient temperatures.

4.1.3. Step III. Feature ICA

Fig. 7 presents the intensity and potential shift of F1, F2 and F3. We
explain the graph in more detail using the example of the cell cycled at
35°C (yellow). The plots of the top row (Fig. 7 A, C, E) present the
potential shift of F1, F2 and F3, i.e., the potential of the peak at the
specific SOH subtracted by the potential of the peak at BOL. The plots
of the bottom row (Fig. 7 B, D, F) present the normalized intensity
(dQy/dV) of the peak versus the measured SOH. One single data point
represents the height of the peak in the normalized dQ/dV (dQy/dV)
versus voltage plot during C/20 charge as presented in Fig. 1 and 3.

Starting with F1 (Fig. 7 A and B), Fig. 7A presents the potential
shift. For example, for 35 °C, we see a negative potential shift for
SOH between 100 % SOH and 90 % SOH, referring to a shift of the
peak towards lower voltages. The potential shift reaches a minimum
at around 93 % SOH before shifting back towards higher voltages.
The shift becomes 0 V around 90 % SOH, which means that the
dQy/dV peak is at the same potential as at BOL. With a further reduc-
tion in SOH, the potential shift becomes positive, with the peak is shift-

ing towards voltages higher than at BOL. For 45 °C, the inflexion point
in F1 occurs at lower SOH.

The peak height of F1 (Fig. 7 B) is plotted versus the remaining
C/20 capacity, normalized by the initial capacity (SOH). The intensity
(i.e. height of the peak) starts at around 2.3 V™! and decreases linearly
when the capacity reduces to around 2.05 V™!, when the cell reaches a
SOH of 80 %.

The potential shift of F1 appears to be clearly dependent on the
cycling temperature. When cycling at low temperatures, a linear rela-
tionship between potential shift and SOH can be observed. With ambi-
ent temperatures of 25 °C and above F1 initially shifts to lower
potentials before shifting towards higher potentials. This behaviour
becomes more extreme for larger temperatures with the cells cycled
at an ambient temperature of 45 °C, returning back to the initial posi-
tion first at a SOH of around 75 % SOH.

Fig. 7 C and D present the potential shift and the change in inten-
sity for F2 (voltage window 3.65 to 3.75 V), respectively. The potential
shift (Fig. 7 C) is negative during the initial capacity loss (e.g peak
shifting towards lower voltages) for cells cycled at 25°C and higher,
similar to the initial potential shift of F1. The potential shift reaches
a minimum at around 95 % SOH and increases upon further loss in
capacity. It reaches 0 V around 85 % SOH and with a further reduction
in SOH, the potential shift becomes positive, reaching 0.01 V at 80 %
SOH. Fig. 7 D presents the normalized intensity of the F2 peak versus
the cell SOH. Again, looking at the behaviour of the cell cycled at 35 °C
(yellow) first. The intensity (e.g. height of the peak) is around 3.7 V™*
at BOL. It stays constant during the initial capacity loss of about 2 %
and decreases linearly with a further reduction in capacity. The inten-
sity reduces to around 2.4 V™' when the cell reaches a SOH of 80%.

Looking also at the other temperatures, it becomes noticeable that
there is a more clear linear dependency between the intensity of F2
and the SOH than it was observed for F1. In addition, the strong depen-
dency on the ambient temperature during cycling for the potential
shift of F1, cannot be observed for F2. Although, below a SOH of
approximately 93 % the intensity of F2 appears to be dropping slightly
faster for the cells cycled at low temperatures (5 °C and 15 °C).



L. Spitthoff et al.

Fig. 7 E and F present the potential shift and the intensity of F3, the
minima in the differential capacity curve within the limits 3.8 to 4 V.
There is a clear difference between the cells cycled at low temperature
(5 °C and 15 °C) compared to cells cycled at moderate and high tem-
perature (25 °C to 45 °C). Contrary to F1 and F2, the potential shift of
F3 is only positive (i.e. shift of the minima to higher potentials). The
potential shift initially (until capacity drops to around 92 % SOH)
appears to be linear to the SOH for all ambient temperatures. While
the dependency stays linear for cells cycled at moderate and high tem-
peratures, it becomes more of an exponential increase for the low-tem-
perature cells.

The intensity of the minima initially drops for all cells when the
SOH decreases. The intensity of the minima keeps reducing at a slower
rate with further capacity loss for the cell cycled at moderate and high
temperatures. The intensity of the minima for cells cycled at low tem-
peratures stays constant with further capacity loss and the minima
become not distinguishable anymore for a SOH below approximately
85 % (see Fig. 6). The vanishing of the minima is caused by the more
gradual change in potential at high SOC.

In addition, the 25 °C outlier (cell where clamping had to be
replaced after 300 FEC) deviates from the linear relationship of the
potential shift below a SOH of around 90 % (Fig. 7 E). While the rela-
tionship became rather exponential for the low-temperature cells, the
slope decreased for the outlier. This deviation is towards the cells
cycled unclamped (grey circles in the plot). For the other FOIs (espe-
cially the F1 and F2 potential shift and F1 intensity, Fig. 7 A — D) there
is also a deviation of the outlier cell from the other cells cycled at an
ambient temperature of 25 °C with the effect of clamping appearing.
Although these deviations are also towards cells without clamping, it
is not as obvious and is similar for cells cycled at higher temperatures.

In summary, distinctly different behaviour was observed for cells
cycled at low ambient temperature (15°C and below), although the
15°C cell showed a comparable trend to 25°C when looking at capacity
loss and resistance increase. A more drastic drop in intensity and shift
towards higher potentials was observed for F1 and F2 for the low-tem-
perature cells, indicating a larger contribution of LLI to the capacity
loss. The distinctively different behaviour of F3 might be explained
by an increased degree of inhomogeneity for the low-temperature
cells. For the cells cycled at 25°C and higher, the potential change of
F3 appeared to be proportional to the SOH. F1 and F2 potential shifted
to lower voltages before increasing.

4.1.4. Step IV. IC Simulation

IVi. IC Simulation: Qualitative comparison Fig. 8 and 9 present the
simulated degradation behaviour for the 64 Ah Cell. Each degradation
mechanism was simulated over 2000 cycles with intervals of 100
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Fig. 8. Simulated SOH versus FEC for the 64 Ah Cell using ’Alawa tool.
Isolation of single degradation mechanism.
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cycles. Fig. 9 shows the IC curves each 200 cycle. Looking at the capac-
ity loss (Fig. 8), it is observed that loss of delithiated active material
(LAM) is not initially associated with capacity loss both for loss at
the negative electrode (LAMdeNE) and positive electrode (LAMdePE).
While LAMdePE results in capacity loss after around 300 cycles, LAM-
deNE only results in capacity loss after around 500 cycles. Both LLI and
Ohmic Resistance Inrease (ORI) result in a linear capacity loss straight
away, albeit with different degradation rates. For ORI this is only true
when the cell is charged with constant current only. LLI results in a
more extreme loss in the capacity even though for the ORI simulation
the resistance increase per cycle was already chosen to be simulated as
an extreme case.

Fig. 9 presents the IC curves for the isolated degradation mecha-
nisms. This is idealistic as in a real application degradation mecha-
nisms and therefore degradation modes are coupled (e.g. LAMdeNE
resulting in plating (LLI)) but rather aims to understand how the
degradation modes effect the IC curves. LAMdePE (Fig. 9 B) causes
F1 to initially shift to lower potentials (until 90 % SOH) accompanied
by a drastic decrease in intensity. F2 is shifting to lower potentials and
decreasing in intensity. F3 is increasing in intensity and shifting to
lower potentials. We recall what we observed for the experimental
data in Section 4.1.3: An initial shift of F1 to lower potentials for cells
cycled at high temperatures. LLI (Fig. 9 C) results in an F1 shift to
higher potentials while increasing slightly in intensity. F2 is shifting
to higher potentials together with a significant decrease in intensity,
whereas F3 shows a large shift to higher potentials with a small
decrease in intensity. From Fig. 8, it can be seen that LLI causes a loss
in capacity from the first cycle. The missing Li is resulting in the NE not
being filled to the same level at the end of the charge. This is why
already at a minimal loss in capacity, the effect of LLI is already very
visible for F3, which is the feature at the end of the charge. With a fur-
ther LLI and therefore capacity loss, it starts to become more visible at
F2 as well. ORI (Fig. 9 D) leads to a shift of the full IC curves towards
higher voltages, while the intensity remains unchanged.

We recall what was observed for the experimental data in Sec-
tion 4.1.3: For cells cycled at 35 °C and 45 °C, F3 was decreasing in
height and shifting to higher potentials already at 95 % SOH. F2 on
the other hand only showed this behaviour at 85 % SOH. This clearly
fits well with the LLI mode, where the loss of Li initially only affects
the feature at the end of the charge (F3), while additional loss of Li
also affects the response at lower voltages during the charge. F1 was
initially shifting to lower potentials for cells cycled at 25 °C and
higher, was most extreme for high temperatures. Based on the calcu-
lated RI drop, ORI was disqualified as the main cause of this observa-
tion (see Section 4.1.3). LAMdePE, however, appears to explain this
behaviour.

Step IVii. IC Simulation: FOI The last step in the analysis is the FOI
analysis using simulation data. Fig. 10 presents the intensity and
potential shift of F1, F2 and F3 extracted from the simulated IC curves
- similar to Fig. 7 for the experimental data. The plots in the upper
panel present the change in the potential of F1, F2 and F3 (A, C, E)
compared to the potential at BOL. The plots in the lower panel (B,
D, F) present the normalized peak intensities. Again, one single data
point represents the height in the normalized dQ/dV (dQy/dV) versus
voltage plot during C/20 charge.

As expected, ORI results in the same linear shift of the potential for
all features while the intensity stays constant. LLI results in a linear
increase of the potential shift for all features but the effect is most
extreme for F3, followed by F1. In addition, it results in a decrease
in intensity for F2 and F3 before it reaches a steady state. F1 shows
a slight increase due to LLI.

LAMdePE results in an initial negative potential shift (shift to lower
potentials) for all features, but starts to shift back at around 84 % SOH.
It results in a more or less constant intensity for all features initially,
before it results in an increase for F3, a steady decrease in F2 and a sig-
nificant decrease in F1.
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LAMLINE (Loss of lithiated negative electrode active material), LLI (loss of lithium inventory). This is idealistic as in a real application degradation mechanisms

and therefore degradation modes are coupled.

LAMdeNE also results in a negative potential shift for all features.
But while it has a similar effect on F2 as LAMdePE, it results in a more
extreme potential shift of F3 and only a very small potential shift of F1.
LAMdeNE results in a decrease in the intensity of F1, a more or less
constant intensity of F2 and an increase in the intensity of F3.

Comparing this with the experimental FOI (Fig. 7), it appears that
the behaviour of the cells cycled at temperatures of 25 °C and above
are in line with LLI in combination with LAMdePE. While LLI is
moving F1 towards higher voltages, LAMdePE pushes F1 towards
lower voltages. Dubarry et all. [12] pointed out that F1 can be a good
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indicator of the LAMdePE/LLI ratio. If F1 is not moving at all, the
effect of LAMdePE and LLI are cancelling each other. The intensity
decrease of F1 and F2 for the cells cycled at 15 °C and lower, in com-
bination with a positive potential shift and an increase in F3, indicate a
combination of LLI with LAMdeNE, pointing to Li plating. Although,
the behaviour of F3 and the behaviour of the smaller peaks between
F1 and F2 appears to not be in line with any simulated mode and might
again point towards inhomogeneities, which are not included in the
simulations.

4.1.5. Step V. ICA Comparison and Summary

In conclusion, we see that degradation and capacity loss do not
always correlate. Even though the rate of capacity loss appeared to
be very similar for cells cycled at an ambient temperature of 15 °C
and 25 °C, as well as 5 °C and 35 °C, the degradation modes and mech-
anisms appear to be very different. Using ICA, the degradation of cells
cycled at 25 °C and higher show similar degradation behaviour, as
well as 15 °C and lower. In general, LLI appears to be the main degra-
dation mechanism, accompanied by LAMdePE for cells cycled at 25 °C
and higher. The cells cycled at lower temperatures indicate a large
degree of inhomogeneities. Increased LLI at high temperatures could
be due to an increased SEI growth rate at high temperatures [34],
while at low temperatures it could be rather caused by Li plating.

4.2. 64 Ah Cell: Effect of Clamping

We analyzed the effect of clamping using the same 5-step proce-
dure as was explained in detail in the previous section for the effect
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Fig. 11. SOH versus FEC and DC resistance for the 64 Ah Cell, the effect of
clamping during cycling.
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of ambient temperature. However, in the following, we will only pre-
sent and point out the most important and interesting observations and
conclusions.

4.2.1. Step I. Capacity and Resistance

Fig. 11 presents the SOH versus FEC and resistance versus SOH.
Only cells that were cycled without mechanical clamping, and those
cells with the exact same operating conditions but with mechanical
clamping, are coloured. Clamped cells appear to have significantly bet-
ter capacity retention compared to unclamped cells cycled at other-
wise the same conditions. Comparing cells cycled at an ambient
temperature of 25 °C with a 0.75 C charging and discharging rate, a
SOH of 80 % is reached after about 900 FEC when not clamped, while
around 3000 FEC are reached at the same conditions but clamped. The
effect of clamping is significantly larger than the effect of ambient tem-
perature. When only considering the unclamped cells, increasing the
ambient temperature to 35 °C appears to have a similar accelerated
ageing effect as observed for clamped cells. The resistance increase
is lower at similar SOH for unclamped cells, indicating that the reduc-
tion in SOH is caused by other degradation modes.

4.2.2. Step II. Qualitative ICA

The difference in the IC curves between clamped cells compared to
cells without clamping does not appear to be very significant. The full
IC curves are therefore not presented but only the FOI analysis (Step
1ID).

4.2.3. Step III. Feature ICA

Looking at the extracted FOI there are a few distinct differences.
The potential shift of F3 appears to show the most significant differ-
ence between the cells cycled with and without MP (Fig. 7 E, grey cir-
cles). Initially, the cells cycled without clamping show a linear
relationship between potential shift and SOH as clamped cells. Once
the SOH is below about 90 %, the relationship becomes non-linear
and the feature stops shifting much further. Interestingly this is around
the same SOH at which the cells cycled at low ambient temperatures
start deviating from the linear relationship as well. However, whereas
the potential shift increases for the low-temperature cells, it stagnates
for the unclamped cells. We also observe a little faster reduction of the
intensity of F1 and a slightly slower reduction of the intensity of F2
compared to clamped cells. This difference becomes very clear when
looking at the ratio of F1 intensity to F2 intensity in Fig. 12, which
shows the distinctly different behaviour in how the ratio evolves for
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Fig. 12. Ratio of F1 intensity to F2 intensity, the effect of clamping during
cycling.
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the clamped cells versus unclamped cells. For clamped cells, this ratio
is proportional to the SOH. F1 has an intensity of around 60 % of F2 at
BOL and increases linearly with some differences in the slope. On the
other hand, unclamped cells only follow a similar trend until a SOH of
about 90 % is reached. With a further decrease in SOH, the ratio stays
constant at around 70 %. The significantly different behaviour of the
ratio for the unclamped cells results from the combination of both
F1 losing more intensity with a reduction in capacity while the inten-
sity of F2 faints less strongly compared to the clamped cells. The light
red data points represent again the outlier of the cells cycled at ambi-
ent temperatures of 25°C where the clamping was replaced after
around 300 FEC. Again, as observed especially for the potential of
F3, the cell deviates from other cells cycled with the same conditions
towards the cells without mechanical clamping.

4.2.4. Step IV. IC Simulation

Comparing the behaviour of the features with loss of capacity from
the experimental data (Fig. 7) with the simulated data (Fig. 10), it
appears that LLI is the main degradation mode, initially similar to
the cells that were cycled with applied MP. After the initial capacity
loss of about 10 %, especially the behaviour of F1 and F3 indicate that
LAM becomes an important degradation mode. In addition, we recall
again the clepsydra effect of LLI: LLI is observed first towards the
end of the charge when Li is missing in the system (liquid missing in
the clepsydra). LLI results in a loss in intensity of F2 first while F1
would still not be affected by missing Li, therefore the ratio of F1
intensity to F2 intensity increases. As the ratio stops increasing for
unclamped cells at around 90 % SOH, it clearly shows how LLI is
not the main degradation mode anymore.

4.2.5. Step V. Comparison and Summary

In summary, LLI appears to be the main degradation mechanism
until the cell has lost about 10% capacity. After this, LAM is clearly
impacting the IC curves. For graphite based cells, LAMdeNE and there-
fore a lowering of the LR results in plating and with this increasing the
rate of LLL This is in agreement with Dubarry [12] where this was
explained by the LR larger than 1 compensating for the initial LAM-
deNE. Unclamped cells already reach a SOH of 90 % after approxi-
mately 50 % of FEC compared to clamped cells with otherwise the
same operating conditions. The rate of LLI appears to be significantly
larger. Possible reasons could be volume changes leading to particle
cracking and therefore increased formation of SEI and irreversible Li
plating. Both are considered to benefit from adding pressure at low
C rates (<0.8 C) e.g suppressing lithium dendrite formation [35,36].
This hypothesis is supported by the observed thickness changes of
the cells due to degradation which were more significant for
unclamped cells. The thickness of the cells increases linearly with
the reduction in SOH. The thickness is increased between 25% to
30% at a SOH of 80%. More details are available in the Supplementary
Material.

It appears that the faster capacity loss especially after the initial 10
% capacity loss for unclamped cells is due to additional LAM. Possible
reasons here could be the particle cracking and isolation of particles
[35,37], and trapped gas which prevents usage of parts of the active
surface area [38].

Overall, simulation in combination with peak analysis allows
observing differences that are more difficult to just see from the IC
curve alone.

4.3. 31 Ah Cell: Method Transferability

To show how the method and simulation could be transferred to
other cells and older data sets, we analyse the degradation of the 31
Ah Cell with the same 5-step procedure as the 64 Ah Cell. This provides
an example of applying the method on other data sets. The 31 Ah Cell
is a NMC433/Graphite cell, which was cycled in relation to previous
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experiments. All degradation tests have been done without mechanical
clamping.

4.3.1. I. Capacity and Resistance

Fig. 13 shows the capacity fade versus FEC and resistance versus
SOH for the 31 Ah Cell when cycled in the full SOC window. A change
in ambient temperature appears to have a drastic effect on the capacity
loss of the 31 Ah Cell. The cell clearly has the longest cycle life at a
moderate ambient temperature (25 °C), while the capacity is reduced
significantly for an increased ambient temperature of 45 °C. The cell
appears to fail right away at a low ambient temperature of 5 °C, result-
ing in a large gap in the data (that is used for ICA) down to 70 % SOH.
A poor cycling performance at low temperatures and moderate to high
C rates has often been shown to be due to Li plating on the negative
electrode [39]. Interestingly, this was not observed for the 64 Ah Cell
which was cycled clamped, at the same temperature and at a slightly
lower C rate. Applying mechanical pressure is discussed to reduce plat-
ing at moderate-high C rates (< 1C)[40,41]. The resistance (Fig. 13 b)
increases most significantly for the cells cycled at high ambient tem-
peratures. It increases the least for the low-temperature cells over
the lifetime. This might be due to the low amount of duty cycling
the cells at low temperatures managed to do before failing.

4.3.2. Step II. Qualitative ICA

The IC curves after an initial capacity loss of about 5 %, and
towards the end-of-life (approximately 70 % SOH), are presented in
Fig. 14. The IC curve of the 31 Ah Cell looks similar to the IC curve
of the 64 Ah Cell (Fig. 6), but there are some differences. F1 has a lower
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Fig. 13. Capacity and Resistance of the 31 Ah Cell, full SOC window, no
clamping, different ambient temperatures.
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Fig. 14. IC curves at 95+1 % SOH, and 70+1 %SOH for the 31 Ah Cell, cycled at different ambient temperatures.

intensity for the 31 Ah Cell, and both F1 and F2 are at slightly higher
potentials compared to the 64 Ah Cell. This could be caused partly by
both the higher C-rate used for the 31 Ah Cell (C/10), as well as the
higher internal resistance. A minimum at high potentials (F3) is also
not visible for the 31 Ah Cell at BOL. Therefore, we only focus on F1
and F2 in the following.

At 95 % SOH (Fig. 14 A), both FOI shift to higher potentials for the
cell cycled at room temperature. For the high-temperature cell, the
start of F1 stays at the same potential while F2 shifts to higher poten-
tials. Both features drop in intensity for the high-temperature cells
while only F2 drops in intensity for the room-temperature cell. At
approximately 70 % SOH (Fig. 14 B), both FOI have shifted to higher
potentials. The largest shift was seen for the low temperature, whereas
the high-temperature cells show the smallest shift. We recall that the
resistance increased for all cells but the correlation with temperature
was inverse (i.e. largest resistance increase for high temperatures).
For high temperatures, both FOIs become less distinguishable as two
separate features. Both features also lose intensity. F1 drops in inten-
sity most extremely for high-temperature, whereas F2 drops in inten-
sity most extremely for cold temperatures. The observations
described are summarized in the tables below the graphs. As the lim-
ited availability of degradation data in the old 31 Ah Cell data set, 95 %
(only 25 °C and 45 °C) and 70 % SOH were selected but do not allow
for a for direct comparison with the 64 Ah cell at this level. However,
the comparison of FOIs allows for comparing the trends between the
data sets even though there is no data available that allow for a direct
comparison at different SOH.

4.3.3. Step III. Feature ICA

Fig. 15 presents the potential shift and intensity of F1 and F2 of the
31 Ah Cell. The potential change of F1 appears to be proportional to
the SOH, similarily to the 64 Ah cells cycled at low temperatures.
Although, for the high-temperature cell an initial shift to lower poten-
tial is observed, which is in agreement with the 64 Ah Cell. The inten-
sity of F1 (Fig. 15 B) is decreasing linear to the loss of capacity for the
cells cycled at room temperature, while cells cycled at low (5°C) and
high (45°C) temperatures, vary from this. The intensity of the high-
temperature cells drops even though the SOH initially does not
decrease (compare to Fig. 13a). After this initial onset, it starts
decreasing linearly with a reduction in SOH, with a similar slope as
the cells cycled at room-temperature (25°C). The potential shift of
F1 (Fig. 15 A) to lower potentials appears very scattered and the inten-
sity (Fig. 15 B) shows such a significant drop when plotted versus SOH.
The F1 intensity of the low-temperature behaves similarly to the room-
temperature cell for the initial capacity loss of up to 5 %. We recall that
the low-temperature cells showed a very fast and drastic drop after the

12

initial 5 % of capacity loss. The intensity of F1 does not change as dras-
tically and is still larger than the room-temperature cells at a similar
SOH. This behaviour of F1 intensity is the opposite of what was
observed for the 64 Ah Cell, where the low-temperature cells dropped
faster in F1 intensity than the cells at 25°C and higher. However, we
recollect that for the 64 Ah Cell the low-temperature cell had better
capacity retention than the high-temperature cell.

The potential change of F2 (Fig. 15 C) is proportional to the SOH
for cells cycled at 25°C and higher. The shift to higher potentials is
more extreme for the cells cycled at low-temperatures. This observa-
tion is in agreement with what was observed for the 64 Ah Cell. Com-
paring this with the OR (Fig. 13b), we notice that this behaviour can
not only be explained by an increase in OR as this would result in a
potential shift that is most extreme for the high-temperature cells
and the lowest for the low-temperature cells. (This is confirmed when
calculating the IR drop from the resistance.) The intensity of F2
decreases linearly with capacity loss independent of the temperature
the cell has been cycled at. This is not fully in agreement with the
64 Ah Cell, where the intensity decreased more or less linearly except
for a more rapid loss of intensity for low-temperature cells below a
SOH of approximately 92.5 %.

4.3.4. Step IV. IC Simulation

The degradation map and FOIs from the simulations based on the
half-cell data of the 64 Ah Cell are used, as no half-cell data of the
31 Ah Cell was available. Although conclusions and comparisons have
to be done more carefully, using simulated degradation maps from
similar cell compositions if no-half cell data is available has also been
suggested by Dubarry et al. [12]. The FOI versus SOH map generated
for 64 Ah Cell was used for the 31 Ah Cell and appears to be fair as the
negative electrode and positive electrode materials are very similar.

Step IVi. IC Simulation: Qualitative comparison. Comparing the exper-
imental IC curves (Fig. 14) with the degradation map (Fig. 9), again
helps to discuss degradation modes. For low-temperature cells, it
appears that the intensity of F2 is decreasing more extremely than
F1, indicating a stronger influence of LLI. As discussed earlier, the
LLI has a large effect on the FOI closer to the end of the charge. The
drastic capacity loss due to LLI could be due to large amounts of irre-
versible Li plating. For the high-temperature cells, a shift of F1 to
lower potentials was observed initially, even though the resistance is
increasing. After this, the intensity of F1 starts to decrease and the
peak shifts to higher potentials before nearly vanishing, while F2 is
decreasing less extremely. This behaviour is in agreement with what
appears to be characteristic of LAM, as the chemical reaction will occur
sooner.
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mechanical clamping.

Step 1Vii. IC Simulation: FOI Comparing the FOIs of the experimental
data (Fig. 15) with the FOI of the simulation (Fig. 10), we confirm that
LLI is the main degradation mode at low-temperature. This explains
the more extreme loss in intensity of F2 compared to F1 and a shift
to higher potentials. However, for the high-temperature cells, the
extreme drop in intensity of F1 (compare Fig. 15 B and 10) without
any initial loss in capacity, (compare Fig. 13a and 9), as well as the ini-
tial shift to lower potentials (compare Fig. 15 A and 10), are well
aligned with LAM both at the negative and positive electrode.

4.3.5. Step V. Comparison and Summary

In summary, it appears that LLI is the main degradation mode for
all cells. It appears to be responsible for the poor cycling performance
for the cells cycled at 5°C, while LAM also appears to be important for
the cells cycled at 45°C. The LLI at 5°C points to very fast and irre-
versible plating.

4.4. Overall Summary and Discussion

Comparing the conducted ICA for the 64 Ah Cells and the 31 Ah
Cells, both cells showed the best capacity retention at room tempera-
ture, which was decreased at both high and low temperatures. How-
ever, for the 31 Ah Cell the capacity dropped below 80 % already
after a few duty cycles at 5°C, while for the 64 Ah Cell showed a similar
cycling life to cells cycled at 35°C.

The internal resistance behaved very different in the two types of
cells. While for the 31 Ah Cell the resistance increased the most for
high temperature, it increased the fastest for low and room tempera-
ture for the 64 Ah Cell. The latter showed the slowest increase at high
temperatures.

The potential shift of F1 was proportional to the SOH for both cells,
after an initial shift to lower potentials for cells cycled at high-tem-
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peratures. However, the intensity of F1 showed opposite trends for
both cells. It dropped the fastest for high temperatures and the slowest
for low temperature for 31 Ah Cell and behaved the other way around
for the 64 Ah Cell.

The potential shift of F2 showed similar trends for both cells, being
more extreme at low temperatures. The intensity decreased linearly for
both cells, but deviated from this for the low-temperature 64 Ah Cell
cells below a SOH of 92 %. The initial negative potential shift of F1
for both cells at high-temperature indicated the LAMdePE, as it is
the only mode that results in a negative potential shift of F1. The sig-
nificant drop in F1 intensity indicates that for the high-temperature 31
Ah Cell this is accompanied by LAMdeNE. For low temperature 31 Ah
Cells, the small loss in intensity of F1 compared to the strong loss in F2
intensity strongly suggests that LLI is the main DM. For 64 Ah Cell, on
the other hand, F1 does not loose intensity as significantly, and espe-
cially not in comparison with F2. This suggests that LLI is not the
prevalent DM alone in this case. Extreme plating is not observed,
which could be due to the clamping. However, it is not possible to con-
clude as it is two different cells, and the 64 Ah cell cell was cycled with-
out clamping at 5°C.

5. Conclusion

Simulations in combination with peak analysis allows observing
differences that are difficult to identify from the IC curves alone.

We observe that degradation and capacity loss do not always corre-
late. Despite the rate of capacity loss appeared to be very similar for
clamped cells cycled at 15 °C and 25 °C, as well as 5 °C and 35 °C
for the 64 Ah Cell, the degradation modes and mechanisms appear to
be very different. It appears, that no single FOI is a good direct indica-
tor of SOH across all ambient temperatures. Validation data is needed
across a wider temperature range when FOI are to be used for SOH
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estimation. Using ICA, the degradation of cells cycled at 25 °C and
higher, as well as 15 °C and lower, show similar degradation beha-
viour. In general, LLI appears to be the main degradation mechanism,
especially for cells cycled at higher temperatures, while the cells
cycled at lower temperatures indicate a large degree of inhomoge-
neous degradation within the single cells.

The 64 Ah Cell without mechanical clamping reached a SOH of
90 % after approximately 50 % of FEC compared to clamped cells, with
otherwise the same operating conditions. It appeared that the faster
capacity loss, especially after the initial 10 % capacity loss for cells
without any applied MP, was due to additional LAM.

The 31 Ah Cell without mechanical clamping showed a very poor
cycling performance for cells cycled at low temperatures. ICA revealed
LLI to be responsible, pointing to a very fast and irreversible plating.

With a suitable FOI versus SOH map, the FOI appears to enable a
simple approach of identifying if cells have been pressurized during
the use phase and narrowing down the temperature range a cell has
been cycled at. A possible option for applying this process is identify-
ing cells with unknown cycling histories suitable for second-life
applications.
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